To clarify the effect of concentration polarization of oxidative modification of low-density lipoproteins (ox-LDLs) on human smooth muscle cells (SMCs), the proliferation, ox-LDL uptake and apoptosis with SMCs cultured on permeable (the permeable group) or non-permeable membranes (the non-permeable group) were analysed by 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) assay, spectrofluorometry and flow cytometry using a parallel-plate flow chamber technique. The concentration polarization of ox-LDLs at the surface of the cultured cell monolayer was assessed by confocal laser microscopy. The results showed that concentration polarization of ox-LDLs could indeed occur at the cultured cell monolayer surface of the permeable group, leading to an enhanced wall concentration of ox-LDLs that was over 15 per cent higher than the bulk concentration of the perfusion solution at a pressure of 100 mmHg. When concentration of ox-LDLs in the perfusion solution was less than or equal to 100 mg ml -1 , SMCs' proliferation was induced, while cell apoptosis was induced when its concentration was above 150 mg ml -1 . The uptake of ox-LDLs by the cultured cells was significantly higher for the permeable group than for the non-permeable group. In addition, the ox-LDL-induced cell death and apoptosis were much more severe in the permeable group than that in the non-permeable group. Therefore, the experimental study suggests that concentration polarization of oxLDLs plays an adverse role in the vascular system owing to its toxicity to vascular cells, in turn enhance ox-LDL infiltration into the arterial wall and accelerate SMC apoptosis.
To clarify the effect of concentration polarization of oxidative modification of low-density lipoproteins (ox-LDLs) on human smooth muscle cells (SMCs), the proliferation, ox-LDL uptake and apoptosis with SMCs cultured on permeable (the permeable group) or non-permeable membranes (the non-permeable group) were analysed by 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) assay, spectrofluorometry and flow cytometry using a parallel-plate flow chamber technique. The concentration polarization of ox-LDLs at the surface of the cultured cell monolayer was assessed by confocal laser microscopy. The results showed that concentration polarization of ox-LDLs could indeed occur at the cultured cell monolayer surface of the permeable group, leading to an enhanced wall concentration of ox-LDLs that was over 15 per cent higher than the bulk concentration of the perfusion solution at a pressure of 100 mmHg. When concentration of ox-LDLs in the perfusion solution was less than or equal to 100 mg ml -1 , SMCs' proliferation was induced, while cell apoptosis was induced when its concentration was above 150 mg ml -1
INTRODUCTION
Oxidized low-density lipoprotein (ox-LDL) is believed to play a key role in the initiation and progression of atherogenesis characterized by chronic inflammation, accumulation of lipids and vascular cell modifications in the arterial wall [1, 2] . Unlike native LDLs, ox-LDLs are not recognized by the LDL receptors, but are taken up in a non-regulated manner by the scavenger receptors in vascular cells [3] . Moreover, in pathological conditions such as atherosclerosis, the endothelium barrier covering the blood vessel wall becomes more permeable to atherogenic lipids when subjected to ox-LDLs [4, 5] . This process leads to the accumulation of cholesterol in the vascular cells, forming foam cells-the hallmark of the atherosclerosis lesion [6, 7] .
Owing to the fact that the early event leading to the genesis of atherosclerosis is the accumulation of cholesterol and other lipids within the arterial wall, Deng et al. [8] has theoretically predicted a mass transport phenomenon of concentration polarization of atherogenic LDLs and verified it by experiments in vitro [9] . *Authors for correspondence (dengxy1953@buaa.edu.cn; dingzufeng@126.com).
They believe that it is the concentration of atherogenic lipoproteins at the luminal surface of blood vessels, not the lipid bulk concentration in blood, that plays important roles in atherogenesis [10] .
Recent studies have shown that ox-LDL induces SMCs' proliferation associated with the ability of ox-LDL to simultaneously (i) increase the expression of specific cell cycle-activating proteins (e.g. CDC2, Cdk2, Cdk4, cyclin B1, D1 and PCNA1) and cell cycle-inhibiting proteins (e.g. p21 and p27) and (ii) augment intracellular signalling pathways (e.g. PI3K and PLC pathways) involved in the mitogenic response [11, 12] . Okura et al. [13] found that ox-LDLs were cytotoxic at higher concentrations, causing apoptosis in intimal vascular SMCs and increasing plaque instability and rupture in acute coronary syndromes. In the process of ox-LDLinduced apoptosis, it involves both Fas (apoptosis stimulating fragment) and tumor necrosis factor (TNF) receptors I and II signalling pathways, which leads to the downregulation of antiapoptotic proteins of the Bcl-2 family, upregulation of apoptotic proteins including caspase 3, and the activation of MAP and Jun kinasedependent transcription factors (e.g. STAT, NFkB, p53, ATF-2, ELK-1, CREB and AP-1) [14] . Ox-LDLs can be taken up by monocytes, smooth muscle cells and endothelial cells via several known scavenger receptors such as scavenger receptor class AI and II, CD36, and CD68 and lectin-like ox-LDL receptor (LOX-1) [15, 16] .
Nevertheless, the SMCs used in the aforementioned studies were cultured on non-permeable membranes across which no filtration flow could pass the cultured SMCs. Therefore, these studies could not reveal the effect of wall concentration of ox-LDLs on SMCs from a mass transport viewpoint. To the best of our knowledge, no study has been reported on the effect of ox-LDL concentration polarization on the proliferation, cycle and apoptosis of human SMCs cultured on a permeable membrane. The present study was therefore designed to investigate the role of ox-LDL concentration polarization in the proliferation of SMCs and its cytotoxic effect on SMCs under a shear flow condition.
Owing to the toxicity of ox-LDLs to vascular cells, we hypothesize that if SMCs were exposed directly to blood flow streams for some reasons (for instance, denudation of endothelial cells in angioplasty or arterial stenting procedures), concentration polarization of ox-LDLs might severely affect proliferation, cycle, apoptosis and ox-LDL uptake in SMCs. To verify this hypothesis, in the present article, using a parallel-plate flow chamber technique, we investigated whether concentration polarization of oxLDLs could also occur on the surface of SMCs and its effect on human SMCs in terms of cell viability, cell cycle, ox-LDL uptake and cell apoptosis.
MATERIAL AND METHODS

Lipoprotein isolation, modification and labelling
Native LDLs were prepared and purified from fresh plasma obtained from healthy volunteers by gradient ultracentrifugation according to the method of Redgrave et al. [17] . Ox-LDLs were prepared by incubation 
Experimental set-up
The same experimental perfusion system as the one described previously by Ding et al. [20] was used in the present study ( figure 1 ). It consisted of a head tank, a downstream collecting reservoir, a modified parallelplate flow chamber with a height of 0.5 Â 10 23 m, a peristaltic flow pump to circulate the perfusion fluid (DMEM) and a blender of air and CO 2 with a constant temperature (378C + 18C). All the components of the perfusion system were connected using tygon tubing. The flow rate was controlled by adjusting the height of the overflow head tank and the resistance of the needle valve so that both the desired flow rate and a perfusion pressure could be achieved simultaneously. The SMC side of the cell culture insert was exposed to the flow. The abluminal side of the cell culture insert was supported with a handmade membrane support so that the culture did not sag even when perfusion pressure was applied to it. A pressure transducer and a flow meter were used to monitor the perfusion pressure and the flow rate through the flow chamber, respectively. During the experiment, the flow chamber was enclosed in a container to keep it at a constant temperature of 37 + 18C.
Measurement of filtration rate and DiIoxidized low-density lipoprotein wall concentration
During this measurement, steady wall shear stress and constant perfusion pressure within the flow chamber was kept at 1.3 Pa and 100 mmHg, while the DiI-ox-LDL concentration of the perfusion solution was varied at 10, 50, 100, 150 and 200 mg ml -1 , respectively. The perfusion flow was maintained at 24 h. For each experiment, the filtration rate across the wall of the cell culture insert was measured following the same procedure described by Deng et al. [8] with the help of the calibrated pipette on the dish support, which had an inner diameter of 1 mm (figure 1).
The concentration of DiI-ox-LDL at the luminal surface of SMC layer was assessed by measuring the fluorescence intensity of the DiI-ox-LDL with a confocal laser microscope (SPII, Leica, Heidelberg, Germany).
MTT colorimetric assay
After 24 h incubation, the effect of different concentrations (10-200 mg ml -1 ) of ox-LDL on cell proliferation was determined by MTT assay as described by Yan et al. [21] . Briefly, cells (1 Â 10 5 cells ml -1 ) in their exponential growth phase were seeded into each well (200 ml media per well) of a 96-well plate and incubated for 24 h at 378C in a CO 2 incubator. Different concentrations of ox-LDL were added to the wells, and the cells were grown at 378C for 24 h. Control cells were maintained in an identical medium without adding ox-LDL for the same period of time. After removing the supernatants, 20 ml of MTT and 180 ml of PBS were added and incubated at 378C for 4 h. Again the supernatant was carefully removed and 150 ml of dimethylsulphoxide (DMSO) was added into each well to dissolve the MTT formazan at the bottom of the wells. After 10 min, the absorbance was read at 492 nm using enzyme-linked immunosorbent assay (ELISA) plate reader.
Measurement of DiI-oxidized low-density lipoprotein uptake
During this measurement, wall shear stress and the perfusion pressure within the flow chamber were kept at 1.3 Pa and 100 mmHg, while the DiI-ox-LDL concentration of the perfusion solution was varied from 10 to 200 mg ml -1 . Wall shear stress was calculated using the formula as follows: t ¼ 6mQ/wh 2 , where m is the viscosity of the medium and Q is the flow rate, h and w are the width and height of the parallel-plate flow chamber.
After perfusion flow, the cell culture insert was disassembled from the flow chamber and washed three times with cold PBS. These cells were lysed with 1 ml of 0.4 per cent Triton-X in PBS for 10 min and then detached from the membrane using a cell scraper. Complete lysis of the cells was achieved by gentle pipetting of the lysate, followed by removal of cell debris by centrifugation. The fluorescence intensity of the samples was measured with a spectrofluorometer (Cary Eclipse, Varian, USA) at excitation and emission wavelengths of 514 and 550 nm, respectively. The fluorescence intensity was then converted to the concentration of lipoproteins with a calibration curve of DiI-ox-LDL. The amount of lipoprotein uptake by the arterial wall was expressed as the weight of lipoproteins taken up per effective surface area per hour (ng cm -2 h -1 ). A standard procedure was followed throughout the entire experiment. Prior to the exposure of the cultured cells to DiI-ox-LDL, the cells were first subjected to steady laminar shear flow of 1.2 Pa for 24 h to precondition the SMCs.
Cell cycle analysis
The conditions in this part of experiment were the same as those described in §2.6. Cells were trypsinized after treatment with ox-LDL, fixed and treated with 500 ml RNase A (100 mg ml -1 ) for 30 min at 378C. Followed by staining with 100 ml propidium iodide (50 mg ml -1 ) at 48C for 5 min and then analysed by flow cytometry (FCM; Becton Dickinson, USA). The fractions of the cells in G 0 /G 1 and S phase were analysed using the cell cycle analysis software-MULTICYCLE (Phoenix Flow System, USA).
Flow cytometry analysis of apoptosis
The conditions in this part of experiment were the same as those described in §2.6. After perfusion flow, cells Concentration polarization of OX-LDL Z. Ding et al. 1235 were collected at a concentration of 1 Â 10 6 cells ml -1 and washed three times with PBS (48C pH 7.4), and centrifuged at 1000 r.p.m. for 5 min. Then the cells were resuspended by adding 200 ml binding buffer, and 10 ml annexin V-FITC (Bender MedSystems, Vienna, Austria) was added to the cell suspension and the mixture was incubated for 15 min in dark at room temperature. After adding 300 ml binding buffer and 5 ml PI to the cells, the apoptosis was analysed by FCM (Becton Dickinson) and the results were analysed with the software LYSISH.
Statistical analysis
Data from at least three sets of samples were used for statistical analysis. Results are shown as mean + s.d. Multiple means were compared using a one-way analysis of variance (ANOVA). Student's paired t-test was used to assess the significant differences between the two groups. p , 0.05 was considered significant.
RESULTS
3.1. Water-filtration rate and wall concentration of DiI-oxidized low-density lipoproteins, c w Figure 2a shows the water-filtration rate (v w ) across the cell monolayer for the permeable group with various concentrations of DiI-ox-LDLs. As shown from the figure, the average v w was about 20.5 Â 10 26 cm s -1 . For the non-permeable group, the water-filtration rate was zero (data not shown in the figure) . Figure 2b shows wall concentration of DiI-ox-LDLs in the permeable group. As shown from the figure, the relative wall concentration for the permeable group, c w /c 0 , is higher than 1.0, indicating that the concentration polarization of ox-LDLs occurred at the cultured SMCs layer surface. The measurement showed that c w was about 15.3 per cent higher than c 0 in all conditions in the permeable group. Different from the permeable group, owing to no filtration flow across the SMC layer, c w/ c 0 was always 1.0 for the non-permeable group (data not shown in the figure).
Effect of oxidized low-density lipoproteins
on cellular proliferation ) on cellular proliferation by MTT assay. As shown in figure 3 , treatment with ox-LDL (10 -100 mg ml -1 ) for 24 h resulted in increased cell proliferation, and reached its highest value at 50 mg ml -1 . However, doses beyond 200 mg ml -1 had an obvious cytotoxic effect. Figure 4 illustrates DiI-ox-LDL uptake by the SMCs cultured on the permeable and the non-permeable membranes. The SMCs were treated with ox-LDL suspensions of different concentrations for 24 h. As evident from the figure, the DiI-ox-LDL uptake by SMCs was positively correlated with the concentration of DiI-ox-LDLs for both the groups, but the correlation was highly nonlinear. At low concentrations ), the DiI-ox-LDL uptake increased gradually with increasing concentration. Beyond 150 mg ml -1 , the uptake curve reached a plateau. The experimental results also showed that DiI-ox-LDL uptakes in the permeable group were obviously higher than those in the non-permeable group.
DiI-oxidized low-density lipoprotein uptake
Oxidized low-density lipoprotein-induced cell cycle
Effect of different concentrations of ox-LDL on the cell cycle phases was analysed by FCM with the SMCs cultured on the permeable and the non-permeable membranes ( figure 5 ). Control SMCs demonstrated normal cell cycle characteristics. When treated with 10-200 mg ml -1 ox-LDL in both the experimental groups, SMCs had gradual substantial decreases in the proportion of cells in G 0 /G 1 phase, contrarily the proportion of cells in S phase increased. Nevertheless, the proportion of cells in S phase increased very sharply with ox-LDL concentrations beyond 100 mg ml -1 compared with the control group. The results suggest that low concentrations of ox-LDL induce SMCs proliferation by shortening G 0 /G 1 phase, while high concentrations of ox-LDL restrain SMCs proliferation by prolonging the duration of the S phase of their cell cycle.
Oxidized low-density lipoprotein-induced apoptosis
Figure 6a-c gives examples of ox-LDL-induced apoptosis in SMCs cultured on the permeable and the nonpermeable membranes treated with ox-LDL suspensions of 100 mg ml -1 for 24 h. Figure 6d shows the apoptosis rate of SMCs. As shown in the figure, the apoptosis rate increased with increasing concentration of ox-LDLs in both two experimental groups. Nevertheless, the apoptosis rates in the permeable group were always higher than that in non-permeable group, especially when the concentration of ox-LDLs was at 100 and 150 mg ml -1 .
DISCUSSION
Ox-LDL is believed to play a key role in cellular dysfunction, as well as cholesterol accumulation and subsequent foam-cell transformation in macrophages and SMCs [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Because the endothelium of the artery displays low permeability to plasma proteins, it has been suggested that the filtration flow across the artery wall may cause concentration polarization of LDLs with the LDLs increasing in concentration from bulk value towards interface within the arterial system [8] . In the present study, to study the effect of ox-LDLs' concentration polarization on SMCs, we investigated the water-filtration rate and wall concentration of ox-LDLs in the vascular SMC culture setting in vitro. We compared cell viability, ox-LDL uptake, cell cycle and cell apoptosis by the SMCs cultured on a permeable membrane with those cultured on a non-permeable membrane.
The experimental results showed that for the permeable group, owing to the presence of filtration flow, the wall concentration of ox-LDLs (c w ) was about 15.3 per cent higher than the bulk concentration (c 0 ), indicating that concentration polarization of ox-LDLs occurred at the surface of the cultured cell layers. For the nonpermeable group, because the water-filtration rate across the cell monolayer was zero, the value of c w remained the same as that of c 0 . Consequently, the DiIox-LDL uptake was obviously higher for the permeable group than that for the non-permeable group. As a result, the permeable group showed an obviously elevated SMC apoptosis compared with the non-permeable group.
Abnormal proliferation of SMC in the subendothelial space of the arterial wall is a major feature of atherosclerotic lesions [25, 26] . Cellular proliferation is dependent on the cell cycle progression, in which cells transit through the G 0 /G 1 phase to the S phase [27] . Data from this report demonstrated that cells treated with 10-100 mg ml -1 ox-LDL had obvious decreases in the proportion of cells in G 0 /G 1 for 24 h circulation. In contrast, cells maintained in high ox-LDL concentration (100-200 mg ml -1 ) remained 39-49% S-arrested. Consistent with MTT colorimetric assay, treatment with at low concentration of ox-LDL (10 -100 mg ml -1 ) resulted in increased cell proliferation in a dose-dependent manner; however, ox-LDL at doses of 200 mg ml -1 began to elicit a cytotoxic effect. This finding of ox-LDL exhibiting a biphasic effect on SMC is similar to that reported by Auge et al. [28] and Chatterjee [25] .
Experimental results by Galle et al. [29] and Essler et al. [30] found that high concentrations of ox-LDLs could induce the formation of intercellular gaps and vascular lesions, which would most probably lead to increased filtration flow across the arterial wall, hence a significant increase in ox-LDL uptake by the arterial wall. In turn, this may accelerate apoptosis in vascular cells. The present study revealed that DiI-ox-LDL uptake by cultured SMCs was positively but nonlinearly correlated with the concentration of DiI-ox-LDLs. At low concentration ), the toxicity of DiI-ox-LDLs led to significantly increased non-viable cells and a high apoptosis rate. Therefore, DiI-ox-LDL uptake by the cells stopped and the uptake curve levelled out.
Under certain conditions SMCs would be exposed directly to blood flow streams, e.g. denudation of endothelial cells in angioplasty or arterial stenting procedures, which might result in severe concentration polarization of atherogenic lipoproteins, accelerating atherogenesis. Artery bypass graft surgery with autologous vein grafting is widely performed to relieve arterial occlusions, but the re-occlusion problem that contributes to poor long-term patency rates remains unresolved. It has been suggested that arteriosclerosis plays a major role in late vein graft occlusion and yields lesions [31] . Experimental results by Vlodaver & Edwards [32] showed that vein grafts become occluded when abnormal cell proliferation in the SMC layer produces extra tissue in the inner lining of the vessel, a process called neointimal hyperplasia. In addition, neointimal cells also express abnormal adhesion molecules that attract atherosclerotic deposits [33, 34] . The present study showed that concentration polarization of ox-LDL will occur at the surface of the SMC monolayer that was directly exposed to blood flow, leading to increasing ox-LDL uptake and cell apoptosis, which plays a crucial role in atherosclerosis. If we intentionally reduce the incidence of atherogenic lipoproteins concentration polarization in autologous vein grafts, such as inducing swirling flow pattern at some critical areas [35, 36] , it might lower the concentration of atherogenic lipoproteins near the wall and suppress the interaction of atherogenic lipoproteins with the wall of the autologous vein grafts.
More interestingly, it was noted that when studying the effects of ox-LDLs on SMCs' proliferation, uptake, cell cycle and apoptosis rate by SMCs cultured on the permeable or non-permeable membranes, a significant difference between the two groups was only evident at a concentration of 100 mg ml 21 ox-LDL ( p , 0.05). It could be concluded that concentration polarization of ox-LDLs has its maximum effect only in a limited area.
It should be noted that the present findings were obtained under conditions of steady wall shear stress and constant perfusion pressure within the flow chamber. Further studies will focus on the effects of pulsatile flow with different levels of shear stress and pressure on concentration polarization of LDL/ ox-LDL. From the results of the present study and others [37] , we speculate that low level steady and pulsatile shear stress with high blood pressure would aggravate polarization of LDL/ox-LDL at the surface of the arterial wall and accelerate the development of atherosclerosis.
CONCLUSION
The present study has provided evidence to support that the existence of concentration polarization of oxLDLs may cause increased death and apoptosis of SMCs. Subsequently, it would enhance the rate of ox-LDL infiltration/accumulation within the arterial wall, leading to atherogenesis. Concentration polarization of OX-LDL Z. Ding et al. 1239 
